We report a transducer structure that combines two orthogonal phased arrays which enable the real-time scanning of two orthogonal sectors. This biplane phased array is formed by partially dicing the opposite faces of a composite piezoelectric plate in orthogonal directions. Individual elements of the orthogonal arrays show broad radiation patterns close to the theoretical expectations for isolated elements. Arrays formed by patterning the electrode alone, without cross-dicing, show a narrower directivity pattern for a single element. This narrowing is a refractive effect due t o the relatively high acoustic velocities in the composite material as compared to the sound velocity in the propagation medium. The concept of the biplane phased array forms the basis for a new class of transducer systems which combine two transducer arrays in a single piezocomposite plate.
. Introduction
Advanced ultrasonic sector scanners employ phased array transducers to accomplish electronic steering and focusing of the acoustic beam [l-51. These arrays are commonly fabricated from a piezoceramic plate by cutting it into narrow plank-shaped elements. In order to obtain a wide angular response free of grating lobes, the center-to-center element spacing is approximately a half wave-length of sound in tissue a t the center frequency 4,5]. The concept of a biplane phased array which com-1. ines two orthogonal phased arrays was disclosed in a patent by 't Hoen [SI. This patent describes two orthoge nal arrays formed on a composite piezoelectric disk by patterning the electrodes on the opposite faces of the disk. The two orthogonal arrays can be operated sequentially to scan the ultrasonic beam in two orthogonal planes. One scan is obtained by connecting the back-face electrodes to ground and the front-face electrodes to the phasing circuit. The orthogonal scan is obtained by reversing the electrode connections. Snyder, Kisslo and von Ramm [7] have also advanced a system employing such a n array for cardiac scanning, as simultaneous longitudinal and transverse images of the heart can provide quite useful information on cardiac dynamics.
A fundamental requirement for a phased array is a wide angular radiation pattern for each element of the array. In this paper we describe a n improved design of a biplane phased array in which this requirement is fulfilled by each of the orthogonal arrays.
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Experiments
An improved structure of a biplane phased array is shown in Figure 1 . The two orthogonal arrays are formed by partially dicing the opposite faces of a n electroded plate of a composite piezoelectric material. The latter consists of a grid of PZT ceramic rods oriented perpendicular t o the plate face and held together by an epoxy . The array may be provided with a backing layer matrix a n ! I a crossed-diced matching layer as shown in Using this cross-dicing technique, prototype 3.2 MHz biplane phased arrays were fabricated with a pitch of 0.25 mm, so that each element (length 12 mm) included two rows of PZT rods. Directivity measurements were performed in a water tank in a transmission mode using a single resonant pulse excitation. We present here experimental d a t a for undiced and partially diced arrays to show the logical argument that leads to cross dicing the composites plates to form the biplane phased array. Figure 3a shows the angular beam pattern for a single element in a n undiced array. These d a t a show a narrow beam pattern with dips near 38 degrees and peaks near 48 degrees, respectively. The diffraction theory for such a narrow radiator predicts a much broader beam pattern without sidelobes 191. Further experiments with undiced array elements were performed using a different compw site material made with a softer polymer (Spurr epoxy). Directivity measurements for a single element in this array showed a broader pattern without side lobes. However, the measured angular beam width was still much smaller than the theoretical expectation for an isolated radiator of the same dimensions.
Cross dicing experiments to improve the radiation pattern were performed using composite plates made with the stiffer epoxy. The two orthogonal arrays formed by patterning the electrodes were further accentuated by dicing the opposite faces of the plate t o 30% of its thickness. A 12 micron Kapton foil served as a face plate to keep water from contacting the elements. The radiation profile from a single element in this array ( Figure 3b ) showed a beam width of 70 degrees at -6 dB level which is 50% larger than that obtained with a n undiced element.
Further improvement was obt,ained by cross dicing the elements to 60% of the plate thickness. In this array, directivity measurements were performed for elements belonging to each of the orthogonal arrays. 
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Figure 4: Radiat,ion patterns from orthogonal elements in biplane phased array formed by cross dicing a composite plate to 60% of its thickness.
While exciting a n element in the vertical array the horizontal electrodes on the opposite face were connected to ground. In a similar way, the vertical electrodes were grounded while exciting a n element in the horizontal array. The circles and crosses in Figure 4 show the radiation patterns obtained from individual elements of the horizontal and vertical arrays, respectively. Both array elements show a broad radiation pattern with an angular width of 96 degrees at the -6 dB level. This is close t o the theoretical beam width of about 100 degrees expected for a n isolated element of the same dimensions in a soft baffle [91.
Discussion
The experimental results indicate that the anomalies in the radiation pattern from a n undiced phased array element are associated with the acoustic properties of the composite material. The combination of PZT rods and a polymer in a composite structure forms a highly anisotropic material. In common designs of such composites the acoustic velocities are higher than the speed of sound in water. This velocity mismatch creates refraction effects at the composite-water boundary which limit the angular width of the transmitted beam (10-12]. Considering only longitudinal waves in the composite, waves can be transmitted to water a t a maximum angle corresponding t o the critical angle 8, measured from the normal to the plate:
where V , is the speed of sound in water and V, is the speed of longitudinal waves propagating along the composite plate normal to the length of the ceramic rods. For the composite materials reported here we measured Vc=2380 m / s . This gives a critical angle of 39 degrees which is near the location of the dips observed in the single element beam profile of bhe undiced array.
The peaks a t 48 degrees can he attributed to Lamb waves running in the composite plate in a direction perpendicular t o the length of the elements 1131. These waves are generated as a result of mechanical stress gradients a t the edges of the excited element. Phase matching a t the water-composite interface implies that these waves radiate longitudinal waves into the water at an angle 0 with the normal given by where VL is the speed of the Lamb waves. An estimate for V, in the composite array was obtained by measuring the time delay of the electrical signals generated on successive neighbors of the excited element as the wave passes through them. These measurements yielded V~=2160 m / s . The angle 0 corresponding to this velocity is 44 degrees which is near the location of the side lobes observed in the radiation profile of a n undiced element. The absence of side lobes in the composite made from Spurr epoxy is explained by the fact that the waves on the surface of this composite propagate at a velocity VL=1400 m / s -lower than the speed of sound in water.
Therefore such waves can not radiate into water.
The partial cross dicing of elements on opposite faces of the composite plate defines two orthogonal arrays with electrical elements divided into many mechanical subelements whose lateral dimensions are smaller than a wavelength ( Figure 5 ) . These small sub-elements radiate and receive acoustic energy a t a wide angle because their lateral dimensions are insufficient for the wave phenomena of refraction to occur. The cross dicing also prevents narrowing of the beam due to cross talk between elements. The cross cuts confine the acoustic path between elements to a set of narrow strips that act as waveguides. The small transverse dimensions of these waveguides limit the number of propagating modes which they can support [14] . Moreover, cross dicing of the array elements improves the sensitivity of each element. This is because the vibration mode of each array element is changed from that of a width extensional mode (or "beam mode") of a plank to t h a t of a length extensional mode of a set of bars. In the composite material reported here the electromechanical coupling factor of a n array element increases from 0.59 t o 0.65 after 60% dicing in orthogonal directions.
The concept of the biplane phased array forms the basis for a number of innovative transducers that can permit, unique capabilities in ultrasound imaging. For example, a phased array can be combined with a n annular array to allow high-resolution imaging and simultaneous volume flow measurements [15] . Another example is a combination of two orthogonal linear arrays [16] . Such a device would allow real-time scanning in a rectangular format of two orthogonal planes.
Conclusions
An improved biplane phased array is formed by cross dicing the elements on the opposite faces of a composite plate in orthogonal directions. The orthogonal arrays so formed exhibit a broad single-element directivity pattern.
Composite piezoelectric materials and the cross dicing technique open new possibilities for the integration of other transducer systems into a single piezoelectric plate, e.g. crossed linear arrays and a combination of a phased array and a n annular array. This new class of integrated transducer systems can add unique capabilities in ultrasound imaging.
